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Recent studies suggest that the genetic programs control- 
ling the development of the animal brain are highly con- 
served (Hirth et al., 1995; Therianos et al., 1995). Although 
the basic organization of both the insect and vertebrate 
brains has been and continues to be the subject of much 
debate (see Finkelstein and Perrimon, 1991 ; Puelles and 
Rubenstein, 1993; Guthrie, 1995; and references therein), 
these recent studies may provide insight into brain organi- 
zation and evolution. In this minireview, I will not attempt 
to describe invertebrate or vertebrate brain development 
in any great detail, but rather compare data regarding the 
expression and function of regulatory genes isolated in 
both Drosophila and vertebrates. 
Most studies of the Drosophila CNS have focused on the 
development of the embryonic ventral nerve cord (VNC), 
which includes the neuromeres belonging to the abdomi- 
nal (A1-A9) and thoracic (T1 -T3) segments. Considerably 
less is known about the organization of the Drosophila 
brain or of the genetic control of its development. The 
function of the Drosophila homeotic complex (HOM-C) 
genes in controlling epidermal segmental identities has 
been extensively studied and often compared to the role 
of the homologous vertebrate Hox genes in the control of 
hindbrain segmentation (McGinnis and Krumlauf, 1992; 
Keynes and Krumlauf, 1994). Less often discussed is the 
fact that the Drosophila HOM-C genes are expressed not 
only in the ectoderm but also in specific regions of the 
CNS that appear to correspond directly to regions within 
the vertebrate CNS defined by the homologs of the HOM-C 
genes. For example, as shown in Figure 1A, the expres- 
sion of the sex combs reduced (scr) gene extends to the 
border between the labial and mandibular neuromeres, 
the labial (lab) gene is expressed in the region of the CNS 
surrounding the invaginating foregut, and the probos- 
copedia (pb) gene extends into the b2 neuromere (see 
McGinnis and Krumlauf, 1992, and references therein). 
In comparision, expression of the vertebrate paralogous 
gene Hox-a5 extends to the spinal cord/hindbrain border, 
Hox-bl expression demarcates the hindbrain rhombo- 
mere 4 (r4), and Hox-a2 expression extends up to r2 (Fig- 
ure 1B) (see Keynes and Krumlauf, 1994, and reference 
therein). By comparing the expression patterns of these 
genes, one could speculate that the labial, thoracic, and 
abdominal segments correspond to the Drosophila "spinal 
cord" and that the Drosophila"hindbrain" extends from the 
mandibular neuromere anteriorly into the b2 neuromere 
(Figure 1A). 
To begin understanding the organization and the ge- 
netic control of the more anterior parts of the brain, it is 
necessary to identify and characterize genes with more 
anterior expression domains. Recent studies addressing 
these issues have given support to the division of the Dro- 
sophila brain into distinct neuromeres, although there ex- 
ists some discrepancy as to the exact number of neurom- 
eres (Schmidt-Ott and Technau, 1992; Schmidt-Ott et al., 
1994; Hirth et al., 1995; Therianos et al., 1995). These 
studies demonstrate that the developing Drosophila brain 
shares a number of common features with the developing 
vertebrate brain. For example, early in development a sim- 
ple axonal scaffold develops in both systems. Just as in 
vertebrates (Easter et al., 1994), ascending and descend- 
ing axons form a tract on each side of the midline, thereby 
connecting the different regions of the Drosophila brain 
prior to the formation of any of the brain commissures. 
The brain commissures and connectives are prefigured 
by migrating glial cells, which is similar to what has been 
described for early commissures in the mammalian brain 
(Silver et al., 1982). 
A second common feature is that the boundary regions 
between the different Drosophila brain segments express 
both the engrailed (en) and wingless (wg) genes. This is 
analogous to the expression of the homologous vertebrate 
genes en-1, en-2, and wnt-1, all of which are expressed 
at the hindbrain/midbrain boundary (see Puelles and Ru- 
benstein, 1993, and references therein). In contrast o Dro- 
sophila, the vertebrate midbrain/forebrain border or other 
possible boundary regions in the anterior CNS do not ex- 
press en-1, en-2, or wnt-l. 
Finally, both the orthodenticle (otd) and empty spiracles 
(ems) genes are expressed in the developing brain, with 
otd being expressed in the bl and part of b2 and ems in 
the b2 and b3 neuromeres (Figure 1A). Neither otd nor 
ems is expressed in the most anterior part of the Drosoph- 
ila brain. This restriction is analogous to the expression of 
the homologous Otx and Emx genes within the vertebrate 
brain (Simeone et al., 1992). However, the correlation is 
not perfect since the expression of otd and ems only over- 
laps partly in the b2 region of the fly, whereas the expres- 
sion of the vertebrate Otx2 and Otxl genes completely 
covers both the Emxl and Emx2 genes in the mouse (Fig- 
ure 1B). Both otd and ems are also expressed more poste- 
riorly in the CNS, and otd has been shown to play a role 
in the development of the VNC (Finkelstein et al., 1990). 
This is in contrast to the expression of the vertebrate Otx 
and Emx genes, neither of which are expressed in more 
posterior egions of the neural tube. This raises the possi- 
bility of additional vertebrate Otx and Emx genes or that 
the function of otd and ems in the Drosophila VNC is car- 
ried out by other nonrelated genes in the vertebrate spinal 
cord. 
The otd and ems genes have been shown to act as gap 
genes in flies, controlling development of epidermal head 
structures (Finkelstein and Perrimon, 1991). Current stud- 
ies now indicate that these genes also play additional roles 
in the development of discrete regions of the brain (Hirth 
et al., 1995). In otd mutants, the bl brain region and part 
of the b2 region are missing, while ems mutants display 
a deletion of the b2 and b3 regions. It is not yet clear 
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Figure 1. Expression Patterns of Regulatory Genes in the Embryonic Drosophila nd Mouse CNS 
The schematic drawings how expression patterns of regulatory genes isolated in Drosophila(A) and mouse (B). bl-b3 indicate the three neuromeres 
proposed by Hirth et al. (1995); Ib, labial; md, mandibular; mx, maxillary. 
whether the brain defects observed in otd and ems mu- 
tants are due to an intrinsic requirement in the developing 
brain or whether they function to regulate possible induc- 
tive signals between the surrounding tissues and the de- 
veloping brain. The dynamic expression patterns of otd 
and ems, together with the complex morphogenetic move- 
ments during head development, make it difficult o distin- 
guish betweer) these possibilities. Whatever the specific 
functions of otd and ems are during early brain develop- 
ment, it appears that otdis playing an additional role during 
subsequent development of the brain. This is supported 
by the finding that flies carrying a weaker and viable otd 
allele, ocelliless, display defects in specific regions of the 
adult brain. 
The mouse homologs of the otd and ems genes, the 
Otxl, Otx2, Emxl, and Emx2 genes, have been shown to 
be expressed in overlapping regions of the mouse fore- 
and midbrain (Simeone et al., 1992) (Figure 1B). At early 
stages of development, Otx2 is also expressed throughout 
the embryonic ectoderm, or epiblast, and subsequently 
becomes restricted to the anterior part of the embryo. At 
later stages, Otx2 expression is detected in both the ante- 
rior neuroectoderm and the mesoendoderm, which proba- 
bly give rise to the head mesoderm. Recently, three differ- 
ent laboratories have mutated the mouse Otx2 gene by 
targeted gene inactivation (Acampora et al., 1995; Ang et 
al., 1995; Matsuo et al., 1995). Although the severity of 
the mutant phenotypes differ, these studies do agree upon 
the finding that the Otx2 mutation leads to embryonic le- 
thality, with embryos displaying severe gastrulation de- 
fects and anterior truncations. The mutant phenotype is 
first evident during gastrulation, from the disorganization 
of mesodermal cells revealed by the expression of a num- 
ber of molecular markers. Embryos that survive into later 
stages display the loss of both neuronal and mesodermal 
head structures anterior to r3. The early expression of Otx2 
in the anterior ectoderm has been shown to depend upon 
signals from the underlying mesoderm (Ang et al., 1994). 
At later stages, Otx2 expression is detected in the noto- 
chord and prechordal mesoderm, structures that have 
been shown to be important for anteroposterior patterning 
of the neural tube (reviewed in Ruiz i Altaba, 1994). To- 
gether, the expression pattern of Otx2 and the mutant anal- 
ysis suggest that Otx2 is involved both in the organization 
of the anterior node and in establishing the inducing activ- 
ity of the head mesoderm. Since the node and the anterior 
mesoderm most likely are required for the development 
of the anterior neuroectoderm, it is difficult to determine 
whether Otx2 is involved intrinsically in this latter tissue. 
To elucidate further the role of Otx2, experiments have to 
be performed where Otx2 is specifically inactivated in the 
anterior neuroectoderm and/or developing brain. 
In summary, although there are a number of obvious 
differences between vertebrate and insect CNS develop- 
ment, such as the folding of the vertebrate neural tube and 
the invagination of the foregut through the insect brain, it 
is striking that a number of regulatory genes appear to play 
similar roles in both systems. Studies of the developing 
Drosophila and vertebrate brains involving mapping of the 
early axonal tracts and analyses of regulatory genes are 
providing important clues about how the brain has 
evolved. These initial studies, together with current meth- 
ods of genetic manipulations available in Drosophila and 
vertebrates, should lay a foundation for rapid progress in 
our understanding of the evolution of the brain and of the 
genetic programs controlling brain development. 
Selected Reading 
Acampora, D., Mazan, S., Lallemand, Y., Avantaggio, V., Maury, M., 
Simeone, A., and Brullet, P. (1995). Development 121, 3279-3290. 
Ang, S.-L., Jin, O., Rhinn, M., Daigle, N., Stevenson, L., and Rossant, 
J. (1995). Development, inpress. 
Ang, S.-L., Conlon, R.A., Jin, O., and Rossant, J. (1994). Development 
120, 979-989. 
Easter, S.S., Burrill, J., Marcus, R.C., Ross, S.R, Taylor, J.S.H., and 
Wilson, S.W. (1994). Prog. Brain Res. 102, 79-93. 
Finkelstein, R., Smouse, D., Capaci, T.M., Spradling, A.C., and Perri- 
mon, N. (1990). Genes Dev. 4, 1516-1527. 
Finkelstein, R., and Perrimon, N. (1991). Development 112, 899-912. 
Guthrie, S. (1995). Trends Neurosci. 18, 74-79. 
Minireview 
977 
Hirth, F., Therianos, S., Loop, T., Gehring, W.J., Reichert, H., and 
Furukubo-Tokunaga, K. (1995). Neuron 15, 769-778. 
Keynes, R., and Krumlauf, R. (1994). Annu. Rev. Neurosci. 17, 109- 
132. 
Matsuo, I., Kuratani, S., Kimura, C., Takeda, N., and Aizawa, S. (1995). 
Genes Dev., in press. 
McGinnis, W., and Krumlauf, R. (1992). Cell 68, 283-302. 
Puelles, L., and Rubenstein, J.L.R. (1993). Trends Neurosci. 16, 472- 
479. 
Ruiz i Altaba, A. (1994). Trends Neurosci. 17, 233-243. 
Schmidt-Ott, U., and Technau, G. (1992). Development 116, 111-125. 
Schmidt-Ott, U., Gonz&lez-Gaitan, M., J&ckle, H., and Technau, G. 
(1994). Proc. Natl. Acad. Sci. USA 91, 8363-8367. 
Silver, J., Lorenz, S.E., Wahlstein, D., and Coughlin, J. (1982). J. 
Comp. Neurol. 210, 10-29. 
Simeone, A., Acampora, D., Gulisano, M., Stornaiuolo, A., and Bonci- 
nelli, E. (1992). Nature 358, 687-690. 
Therianos, S., Leuzinger, S., Hirth, F., Goodman, C.S., and Reichert, 
H. (1995). Development, in press. 
